















































究                     
许 













学校编码：10384                        分类号_______密级 ______ 
学号：19120051301872                          UDC _______ 
 
 
硕  士  学  位  论  文 
质子交换膜燃料电池氢氧化反应的现场研究 
In-situ Studies of Hydrogen Oxydation Reaction 
 in Proton Exchange Membrane Fuel Cells 
许  帆 
指导教师姓名： 程   璇  教 授
专 业 名 称： 物  理  化  学
论文提交日期： 2 0 0 8 年 4 月
论文答辩日期： 2 0 0 8 年 7 月
学位授予日期： 2 0 0 8 年    月
 
 
答辩委员会主席：           
评    阅    人：           
 















In-situ Studies of Hydrogen Oxydation 




A Thesis Submitted for the Degree of Master of  























































1. 保密（√），在     年解密后适用本书授权。 
2. 不保密（  ） 
（请在以上相应括号内打“√”） 
作者签名：         日期：    年   月   日 






















1. 1 质子交换膜燃料电池简介···················································································· 1 
1. 1. 1 基本结构 ·············································································································· 1 
1. 1. 2 工作原理 ·············································································································· 1 
1. 1. 3 电池性能 ·············································································································· 2 
1. 2 阳极研究进展········································································································ 4 
1. 2. 1 现场研究方法 ······································································································ 4 
1. 2. 2 非现场研究方法 ································································································ 17 
1. 3 存在问题 ·············································································································· 22 
1. 4 本工作的研究意义及研究内容·········································································· 22 
第二章 实验试样、装置与方法····························································24 
2. 1 实验试样 ·············································································································· 24 
2. 1. 1 半电池，模拟电池组件····················································································· 24 
2. 1. 2 膜电极 ················································································································ 24 
2. 1. 3 单电池 ················································································································ 24 
2. 1. 4 化学试剂及气体 ································································································ 25 
2. 2 实验准备及测试·································································································· 25 
2. 2. 1 工作电极 ············································································································ 25 
2. 2. 2 催化剂浆液 ········································································································ 26 
2. 2. 3 半电池电化学测试 ···························································································· 26 
2. 2. 4 模拟电池电化学测试 ························································································ 27 
2. 2. 5 模拟电池寿命测试 ···························································································· 29 

















2. 2. 7 单电池寿命测试 ································································································ 30 
2. 3 现场电化学测试·································································································· 32 
2. 3. 1 交流阻抗法 ········································································································ 32 
2. 3. 2 循环伏安法 ········································································································ 32 
2. 3. 3 线性极化法 ········································································································ 33 
2. 4 其他表征方法······································································································ 33 
2. 4. 1 SEM···················································································································· 33 
2. 4. 2 FTIR ··················································································································· 33 
2. 4. 3 XRD ··················································································································· 33 
2. 4. 4 离子色谱 ············································································································ 34 
第三章 实验结果 ····················································································35 
3. 1        现场电化学表征································································································· 35 
3. 1. 1      现场电化学分析方法 ······················································································· 35 
3. 1. 2      交流阻抗分析 ··································································································· 35 
3. 1. 3      线性极化分析 ··································································································· 38 
3. 1. 4      循环伏安分析 ··································································································· 39 
3. 2        燃料电池的寿命性能表征················································································· 40 
3. 2. 1      恒电流放电行为 ······························································································· 40 
3. 2. 2      变电流间歇放电行为 ······················································································· 48 
3. 3        模拟电池环境下的电化学表征········································································· 50 
3. 3. 1      流速的影响 ······································································································· 51 
3. 3. 2 温度的影响 ······································································································ 57 
3. 3. 3 相对湿度的影响 ······························································································ 65 
3. 3. 4 附加电压的影响 ······························································································ 71 
3. 4         单电池运行条件下的现场表征······································································· 74 
3. 4. 1       动态氢参比电极 ····························································································· 74 
3. 4. 2       交流阻抗测试 ································································································· 76 
3. 4. 3       离子色谱检测 ································································································· 78 


















4. 1 阳极对电池性能的影响······················································································80 
4. 1. 1 特定操作条件下阳极对电池的贡献 ·································································80 
4. 1. 2 正常运行过程中阳极对电池性能的影响 ·························································81 
4. 2 燃料电池寿命性能的现场检测········································································· 82 
4. 2. 1 动态氢参比电极的评估····················································································· 82 
4. 2. 2 交流阻抗现场测试方法····················································································· 83 
第五章  结 论 ·····························································································86 
参考文献   ··································································································88
发表论文  ····································································································92 






















1. 1 A Brief Introdution to PEMFC ··········································································· 1 
1. 1. 1 Basic Struture ······································································································· 1 
1. 1. 2 Work Principles ···································································································· 1 
1. 1. 3 Cell Performance ·································································································· 2 
1. 2 Research Progresses in Anode Performance······················································ 4 
1. 2. 1 In-situ methods ····································································································· 4 
1. 2. 2 Ex-situ methods ·································································································· 17 
1. 3 Current Problems······························································································· 22 
1. 4 Singnifinance and Contents of This Work ······················································· 22 
CHAPTER 2 
MATERIALS，APPARATUS AND METHODS····································24 
2. 1 Materials ············································································································· 24 
2. 1. 1 Components of Half Cell and H-Cell ·································································· 24 
2. 1. 2 Membrane Electrode Assembly(MEA) ······························································· 24 
2. 1. 3 Single Cell ·········································································································· 24 
2. 1. 4 Chemicals and Gases ·························································································· 25 
2. 2 Experimental Procedures and Testing Apparatus··········································· 25 
2. 2. 1 Preparation for Work Electrodes Surface ···························································· 25 
2. 2. 2 Preparation for Catalyst Inks··············································································· 26 
2. 2. 3 Electrochemical Tests of Half Cell······································································ 26 

















2. 2. 5 Lifetime Tests of H-Cell ····················································································· 29 
2. 2. 6 Dynamic Hydrogen Electrode (DHE) ······································································· 29 
2. 2. 7 Lifetime Tests of Single Cell··············································································· 30 
2. 3 In-situ Electrochemical Measurements ···························································· 32 
2. 3. 1 EIS Tests ············································································································· 32 
2. 3. 2 CV Tests ············································································································· 32 
2. 3. 3 LSP Tests ············································································································ 33 
2. 4 Other Characterization Methods······································································ 33 
2. 4. 1 SEM···················································································································· 33 
2. 4. 2 FTIR ··················································································································· 33 
2. 4. 3 XRD ··················································································································· 33 
2. 4. 4 Ion Chromatography ··························································································· 34 
CHAPTER 3 
EXPERIMENTAL RESULTS····································································35 
3. 1 In-situ Electrochemical Characterization ························································ 35 
3. 1. 1 In-situ Electrochemical Analysis Methods·························································· 35 
3. 1. 2 EIS Analysis ······································································································· 35 
3. 1. 3 LSP Analysis······································································································· 38 
3. 1. 4 CV Analysis········································································································ 39 
3. 2 Performance and Lifetime Tests of PEMFC···················································· 40 
3. 2. 1 Constant Loads ··································································································· 40 
3. 2. 2 On–Off Loads ····································································································· 47 
3. 3 Effect of Selected Parameters in H-Cell ··························································· 50 
3. 3. 1 Effects of Flowrate Tests····················································································· 51 
3. 3. 2 Effects of Temperature························································································ 57 
3. 3. 3 Effects of RH ···································································································· 65 
3. 3. 4 Effects of Applied Voltage ·················································································· 71 
3. 4 In-situ Characterization of Single Cell····························································· 74 

















3. 4. 2 EIS Analysis ······································································································· 76 
3. 4. 3 Ion Chromatography Analysis ············································································ 78 
3. 5 Summary············································································································· 78 
CHAPTER 4 
DISCUSSION OF RESULTS ·····································································80 
4. 1 Contributions of Anode Loss to Cell Performance ·········································80 
4. 1. 1 Anode loss under execrable operative conditions ···············································80 
4. 1. 2 Anode loss under execrable optimal conditions ·················································· 81 
4. 2 In-situ Studies of Anode Loss ··········································································· 82 
4. 2. 1 Stability of DHE ································································································· 82 
4. 2. 2 In-situ EIS Analysis ···························································································· 83 


























































High performance and excellent durability are practically important for the 
commercialization of proton exchange membrane fuel cells. It is widely accepted that under 
the optimal operating condition the sluggish oxygen reduction in the cathode mainly limits 
the cell performance when compared with the fast hydrogen oxidation in the anode. However, 
in the conventional operation the significance of anodic hydrogen oxidation to cell 
performance has been less studied and remained unclear. This work was initiated to 
systematically examine the hydrogen oxidation reaction (HOR) on two commercial catalysts 
(PtRu/C and Pt/C) in an effort to establish in-situ electrochemical characterization system. 
The variations of HOR in the anode with controllable operating parameters and contributions 
of anode loss to cell performance were investigated. 
The important kinetic parameters associated with HOR were determined from an 
equivalent circuit based on electrochemical impedance spectroscopy (EIS), and also verified 
by other electrochemical methods including Tafel plot, linear polarization and cyclic 
voltammetry. The HOR related parameters were charge-transfer resistance (Rct), double-layer 
charging capacitance (Cdl), adsorption resistance (Rad) and capacitance (Cad). The effects of 
applied voltage, hydrogen gao flowrate, working temperature, relative humidity, discharging 
current density and loading types on HOR were systematically studied. The anode loss was 
evaluated by conducting a series of simulative fuel cell tests and related to cell performance. 
It was shown that the anode loss could exceed cathode loss and became significant to 
cell performance under such particular operating conditions as low hydrogen gas flowrate 
(i.e., low stoichiometry ratio), high discharging current density, low working temperature, and 
low relative humidity. Possible causes were suggested to be agglomeration of catalyst 
particles, degradation of carbon supported materials, loss of Ru and increase of membrane 
resistance. 
A dynamic hydrogen electrode (DHE) was designed and introduced into the single cell 
for the in-situ EIS investigation using three-electrode system, and the polarization curves of  
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anode and cathode were also obtained. The results revealed that the higher cell overvoltage 
existed when dry hydrogen gas was used which results in remarkable influence in cell 
performancedue to non-negligible anode loss as compared with cathode loss. The stability of 
DHE was tested in the single cell operation; however, the reliability of DHE needs to be 
further verified upon future lifetime measurements. 
 
Key Words: Proton Exchange Membrane Fuel Cell; hydrogen oxidation reaction; in-situ 
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1/2O2 ＋ 2H+ + 2e → H2O                          (1-2) 
电池的总化学反应为： 


















































而对电池性能有显著影响的操作因素主要包括了： 温度[5, 6, 14-17]， 气压[5, 6, 14, 15, 18]，
相对湿度[6, 15, 19]， 气体流速[5, 6, 14, 15, 20]， 燃料和氧化剂类型[10, 21]， 以及开关频率[22]。 
1.1.3.1 温度 
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